Background: Boxer dogs are predisposed to congenital and adult onset cardiac diseases. Breed-specific reference values for M-mode and Doppler echocardiographic measurements previously have been established. Left ventricular (LV) end-systolic (ESV) and end-diastolic volumes (EDV) can be measured by M-mode or two-dimensional methods, such as Simpson's method of discs (SMOD). Reference ranges for SMOD-derived LV volumes are lacking.
B
oxer dogs are predisposed to congenital cardiac diseases, namely aortic and pulmonic stenosis, as well as adult onset cardiomyopathies, such as arrhythmogenic right ventricular cardiomyopathy and idiopathic dilated cardiomyopathy (DCM). [1] [2] [3] [4] Therefore, cardiac screening is highly recommended in this breed. To provide breeders and owners with optimal screening programs, development of breed-specific reference values is important. Indeed, previous studies have shown a smaller left ventricular (LV) outflow tract, higher aortic blood flow velocities, and increased LV wall thickness in Boxers compared with non-Boxer dogs. 5, 6 Although 24-hour Holter ECG monitoring remains the gold standard for diagnosis and monitoring of the arrhythmias associated with all forms of Boxer cardiomyopathy, echocardiography is the most important tool to identify LV dimensions and function. M-mode echocardiography is the most widespread method to measure LV dimensions, but has limitations. It is a one-dimensional technique, relying on geometric assumptions that may not be accurate in disease states.
The Teichholz method for calculation of LV volumes results in inaccuracies as a result of the geometric assumptions required to convert a linear measurement to a three-dimensional (3D) volume. 7, 8 According to the American Society of Echocardiography (ASE), the current recommendation for two-dimensional (2D) volume measurement in humans is the biplanar Simpson's method of discs (SMOD). 9 In dogs, SMOD correlated well with 3D measurements of LV volume, whereas the Teichholz formula overestimated LV volume with a factor 2. 10 12 but not for Boxer dogs. Because of the substantial variability in echocardiographic measurements in dogs of different somatotypes, 13 and the particular interest of cardiac screening in the Boxer breed, the primary objective of this study was to establish breedspecific SMOD reference values in healthy Boxer dogs. Secondary aims were (1) to determine the agreement between SMOD values obtained in the right parasternal long-axis and the left apical 4-chamber view, (2) to compare measurements between male and female dogs, and (3) to investigate indexation of end-diastolic and end-systolic volumes (EDV and ESV) to body surface area (BSA) or body weight (BW).
Materials and Methods

Study Population
Medical records of the Cardiology Department, LudwigMaximilian University, Munich from 2004 to 2012 were searched for files of healthy Boxer dogs. Inclusion criteria were the absence of clinical signs according to the owner, no relevant abnormalities on physical examination, an unremarkable 2-minute 6-lead ECG, no abnormalities on the continuous ECG during the echocardiographic examination, and a complete echocardiographic examination stored in the offline database. Dogs with overt cardiovascular signs noted by the owner (eg, exercise intolerance, syncope, dyspnea) were excluded. Further exclusion criteria were ventricular premature complexes or other arrhythmias on the 2-minute 6-lead ECG or continuous ECG during echocardiography, a peak aortic velocity ≥2.3 m/s, 14 a peak pulmonic velocity >2 m/s, or echocardiographic signs of LV dilatation (based on previously established reference values for left ventricular inner diameter in diastole [LVIDd] and left ventricular inner diameter in systole [LVIDs]), myocardial dysfunction (based on subjective assessment of systolic function, LVIDs above upper limit, and fractional shortening [FS] <25%), or some combination of these findings. a, 15, 16 Data extracted from patient files included the following: age, body weight, sex, examination date, mean heart rate, LVIDd, LVIDs, FS, ejection fraction, peak aortic, and peak pulmonic blood flow velocities.
Echocardiographic Procedures
All dogs were examined without sedation in right and left lateral recumbency. All echocardiographic examinations were performed using the same commercially available high frame rate ultrasound system equipped with a 2.0/4.3 MHz probe with simultaneous ECG recording.
b Minimal requirements for echocardiographic examinations were as follows: presence of 2D echoloops of at least 3 cardiac cycles of the right parasternal 4-chamber view with cardiac apex and the left apical 4-chamber view with cardiac apex, longitudinal 4-chamber and transverse M-mode images, color Doppler images of all 4 cardiac valves, and pulsed wave, continuous wave Doppler blood velocities of aortic and pulmonic valves, or both.
Using SMOD, EDV and ESV were measured by offline image analysis software c by a single cardiology resident (PS) under supervision of a cardiology diplomate (GW). SMOD measurements were performed on the right parasternal long-axis 4-chamber view and the left apical 4-chamber view. Selection of end-diastolic frames corresponding to the onset of QRS (ie, at the time of mitral valve closure) and end-systolic frames (corresponding to the last frame before mitral valve opening) were selected using frame-by-frame analysis. The LV area was measured by tracing the endocardial border on each selected image, maximal LV length was measured from the middle of a line connecting the 2 mitral annuli to the endocardial border of the LV apex (Fig 1) , followed by automatic calculation of LV volumes by the ultrasound machine. SMOD-derived end-diastolic and end-systolic LV volumes were indexed to BSA (EDVI and ESVI, respectively). Nonindexed volumes are abbreviated as EDV and ESV.
Statistical Analysis
The data were analyzed by commercially available software.
d All data were graphically inspected and tested for normality using the Shapiro-Wilk test. All variables except age were normally distributed. Results are presented as mean AE SD, except for age, which is presented as median (range). Measurements obtained from the right parasternal and left apical views were compared using a paired t-test. Limits of agreement between EDV right parasternal and EDV left apical, and between ESV right parasternal and ESV left apical were analyzed using BlandAltman plots. 17 The intraobserver coefficient of variation (CV) for EDV and ESV measurements obtained in both views was calculated as the square root of the variance divided by the mean of 3 repeated measurements, multiplied by 100. Body weight, LVIDd, LVIDs, EDVI right parasternal and left apical, ESVI right parasternal and left apical, V max aorta, and V max pulm were compared between male and female dogs using a t-test. Level of significance was set at a P value <.05. The relationships of EDV and ESV with BSA and BW were graphically examined using a scatter plot graph.
Results
Eighty-five Boxer dogs met the inclusion criteria. Most of dogs (53/85) were presented for aortic stenosis screening. The remaining dogs (32/85) were referred for other various reasons. Thirty-seven dogs were male and 48 dogs were female. Results for each investigated variable are presented in Table 1 , for the complete group and for male and female dogs separately.
End-diastolic volume index and ESVI measurements obtained from the right parasternal long-axis view were significantly smaller than those obtained from the left apical 4-chamber view (EDVI, P = .004; ESVI, P < .001). However, when comparing the mean difference and the 95% confidence interval (CI) of the measurements of both sides, the difference was not clinically relevant. The mean difference between the left apical and right parasternal view for EDVI and ESVI was 1 mL/m². The 95% CI was 68-72 mL/m² for EDVI right parasternal, and 69-74 mL/m² for EDVI left apical; the 95% CI of ESVI right parasternal was 34-37 mL/m², and that of ESVI left apical was 35-39 mL/m². The Bland-Altman graphs in Figure 2 display the differences between EDVI and ESVI obtained from the right parasternal long-axis view and the left apical 4-chamber view plotted against average values of EDVI and ESVI. The limits of agreement represent the mean difference AE 2 9 SD and are shown as dotted lines. These plots show good agreement between both views. The mean intraobserver CV for repeated measurements of EDVI right parasternal was 4.2%, for ESVI right parasternal, it was 5.7%, for EDVI left apical 5.1%, and for ESVI left apical 5.6%.
Because they showed good agreement, mean values for EDVI and ESVI obtained in the right parasternal and left apical view were calculated. Table 2 presents minimum and maximum values, and reference intervals, based on the mean value AE 2 9 SD, 18 for mean EDVI and mean ESVI in the complete group and for male and female Boxer dogs separately. Teichholzderived volumes for mean EDV indexed to BSA were similar to SMOD-derived values, namely 71 mL/m² in the complete group, 72 mL/m² in males, and 69 mL/ m² in females. Teichholz-derived volumes for mean ESV indexed to BSA were slightly lower than the SMOD-derived volumes, namely 29 mL/m² in the complete group, 30 mL/m² in male dogs, and 28 mL/ m² in female dogs.
When comparing male and female dogs, age (P = .021), body weight (P < .001), LVIDd (P < .001), LVIDs (P = .011), EDVI right parasternal (P = .011), ESVI right parasternal (P = .008), ESVI left apical (P = .044), but not EDVI left apical (P = .052), mean EDVI (P = .04) and mean ESVI (P = .04) were significantly higher in male dogs. When LVIDd and LVIDs were indexed using BW 1/316 , the difference was no longer statistically significant (P = .6 for both measurements). Mean EDV and ESV are plotted against BSA and BW in Figure 3 . The squares represent male dogs and the circles female dogs. This figure illustrates that the range of BW was larger in the male compared with the female dogs (24.4-45 kg in males compared with 22.5-34 kg in females). Furthermore, it shows that the correlations of mean EDV and ESV with BW are slightly higher than the correlation with BSA. When indexing using BW, instead of BSA, EDV right parasternal (P = .54), ESV right parasternal (P = .20), and ESV left apical (P = .51), mean EDV (P = .81) and mean ESV (P = .51) are no longer significantly different between male and female dogs.
Discussion
This study is the first to present reference intervals for diastolic and systolic LV volumes using SMOD specifically in Boxer dogs. Echocardiographic estimation of LV volumes can be determined by M-modederived geometric methods, such as the Teichholz method, or 2D planimetric methods, such as SMOD. An interesting and unexpected finding in this study was that in healthy Boxer dogs, the volumes calculated by Teichholz measurements and the volumes derived by SMOD were quite comparable. This is in contrast to findings by Tidholm and Serres, which showed that Teichholz measurements overestimated the volumes by a factor of 2. 10, 19 Differences between the Teichholz and SMOD estimations of LV volume may be more pronounced in disease states than in healthy dogs. 8 In addition, Teichholz-derived volumes and 2D and 3D volume estimations also have been shown to differ more as EDV increases in dogs with heart disease. 10 Another explanation might be the elliptical heart form of Boxer dogs, compared to that of small breed dogs such as Dachshunds or Cavalier King Charles Spaniels, and the Teichholz formula may be better suited in dogs with elliptical heart geometry. This variable needs to be further evaluated in future studies.
Although SMOD is the current ASE-recommended method for measurement of LV volumes in humans and seems to be very accurate compared with other methods in dogs, studies describing reference ranges are scarce. 19, 20 Boxer dogs are particularly prone to heart disease and breed-specific M-mode and Doppler reference ranges have been generated for this breed.
a, 5, 6, 14 In this study, suggested reference intervals for SMOD-derived EDVI and ESVI based on data of 85 Boxer dogs are 49-93 mL/m² and 22-50 mL/m², respectively. These reference ranges are comparable to a previous study in Doberman Pinschers, where upper limits of normal for EDVI and ESVI were 95 mL/m² and 55 mL/m², respectively. 11 Furthermore, the SMOD-derived ESVI reference interval, based on data of 40 Great Danes, was 21.9-47.0 mL/m² in a recent study. 12 Based on these 3 studies, SMODderived LV volumes, indexed to BSA, show considerable agreement in Boxers, Doberman Pinschers, and Great Danes. All of these breeds are predisposed to idiopathic DCM, for which diagnostic criteria have been proposed by the ESVC taskforce. 21 In the ESVC recommendations, it is stated that "an ESV-I over 80 mL/ m² offers unequivocal evidence for systolic dysfunction, although this may be an excessively conservative value, as the normal canine ESV-I has been suggested to be <30 mL/m²." The upper limit of the reference intervals for ESVI in Doberman Pinschers, in Great Danes, and in this study is clearly lower than the 80 mL/m² but higher than the 30 mL/m², suggested in the ESVC paper. 11, 12 This would indicate, as previously suggested, 11 that either ESVI is higher in these 3 breeds compared with other breeds, suggesting intrinsic systolic dysfunction, or the cut-off value of 30 mL/m² is too low. In contradiction to this study, the range of SMOD-derived ESVI was below the cut-off of 30 mL/ m² (9.5-25.4 mL/m²) in a previous study including a group of 24 healthy smaller breed dogs (<10 kg). 19 Because of the large overlap between normal and abnormal values in the ESVC guidelines and several studies describing ESVI >30 mL/m², 11, 12 further study in dogs of different breeds is warranted to determine SMOD-derived ESVI cut-offs.
A characteristic of the Boxer breed, which could theoretically affect afterload and thus ESVI, is the smaller diameter of the aortic annulus compared with other breeds. 5, 6 Although Boxers were found to have Normally distributed variables are presented as mean AE SD; only age was not normally distributed and is presented as median (range). A single asterisk (*) indicates a significant difference between male and female dogs with a P value <.05, and a double asterisk (**) indicates a significant difference with a P value <.001.
increased indices of LV wall thickness compared with healthy non-Boxer dogs, this was independent of LV cavity size, 5 and thus unlikely to substantially affect ESVI in this study.
When comparing the SMOD values for EDVI and ESVI derived from the right parasternal and left apical views, there was good agreement between both views, with a mean difference of 1 mL/m². A previous study also demonstrated good agreement between measurements obtained from these 2 views. 11 For accurate measurements, it is crucial to optimize LV length and include the anatomical LV apex. Although technically more demanding than the right parasternal view, it is possible that LV length was optimized better in the left apical view in this study, producing higher measurements. As previously suggested, it is advisable to measure LV volume from both sides and use either the highest measurement or the mean of both views for patient assessment. 11 The intraobserver CVs for repeated measurements of EDVI and ESVI in the right parasternal and left apical views ranged from 4.2 to 5.7%. Although this indicates somewhat higher variability compared with previous studies, 11, 19 these CVs still indicate good-to-excellent repeatability.
Several studies have described different M-mode reference ranges for male and female dogs, for example, in Greyhounds, German Shepherds, and Great Danes. 12, 22, 23 In this study, both LVIDd and LVIDs were significantly smaller in female dogs, which had lower body weight than male dogs. Comparable to the study in Great Danes, this difference was no longer statistically significant when allometric scaling was applied (indexing by BW 1/3 ). Mean EDVI and ESVI, indexed to BSA, also were significantly higher in male dogs, although the difference between both sexes was relatively small. When indexing EDV and ESV to BW, the difference between male and female dogs was no longer statistically significant. A possible reason for this finding is the fact that absolute numbers become smaller and variation between genders is minimized, when indexing to body weight compared with BSA (eg, mean body weight in males was 32.2 kg, whereas mean BSA was 1.0 m²). This may be responsible for the lack of statistically significant difference between males and females when indexing to BW. As stated in the paper by Cornell et al, it seems logical that cardiac volumes, such as EDV and ESV, should be linearly related to BW, whereas cross-sectional cardiac areas should relate linearly to BSA. 16 When plotting mean EDV and mean ESV against BSA and BW, the correlation was highest for BW. These findings suggest that different EDVI and ESVI reference ranges should be Table 2 . Maximum and minimum values, and reference intervals for mean EDVI and ESVI (in mL/m²) in the complete group of Boxer dogs (n = 85) and in males (n = 37) and females (n = 48) separately. used for male and female Boxer dogs, when indexing to BSA, or that measurements should be indexed to BW. This study has several limitations. A 24-hour Holter ECG recording was not an inclusion criterion and therefore it is not possible to be certain that none of the dogs belonged to the concealed ("arrhythmias only") Harpster form of dilatory cardiomyopathy. However, most of the dogs were very young (95% CI between 2.4 and 3.7 years) and therefore it is unlikely that they were already affected. On the other hand, the fact that most were young dogs presented for aortic stenosis screening also implies that the dogs in this study were not a completely representative sample for the population. The cardiac ultrasound examinations were recorded by several echocardiographers, which could be a possible source of variability, although interechocardiographer variability in SMOD in our institution has been described to be as low as 5.7-6.5% for the right parasternal view, and 2.4-5.8% for the left apical view. 11 In addition, all measurements in this study were performed by 1 observer. Inclusion of a group of Boxers with idiopathic DCM would have allowed calculation of optimal cut-off values for SMOD-derived LV volumes, and their respective sensitivity and specificity, to distinguish between normal and affected dogs.
In conclusion, this study is the first to report SMOD-derived reference ranges for EDV and ESV in the Boxer dog. The upper limit of the reference interval for ESVI (51 mL/m²) in this study exceeds the previously suggested cut-off of 30 mL/m² for detection of systolic dysfunction. Therefore, future studies are warranted in Boxer dogs with DCM and other breeds to investigate the ideal cut-off for detection of systolic dysfunction. This study also showed a significant difference in EDVI and ESVI between male and female dogs, when indexing to BSA. This difference may be minimized by indexing EDV and ESV to BW. Although SMOD is the ASE-recommended method for measurement of LV volumes in humans and is increasingly used in dogs, reference ranges are scarce. Therefore, the reference intervals generated in this study are of clinical importance in the assessment of LV size and function in Boxer dogs. 
